Introduction {#sec1}
============

> 'Let it be. Let it be. Let it be.' (The Beatles)

The ability to regulate emotion is critical for success in workplace, family, and social settings. Indeed, emotional dysregulation is a core feature of disorders including depression, anxiety, addiction, and chronic pain ([@ref28]) and predicts mortality ([@ref57]; [@ref52]). Accordingly, there has been a tremendous rise in studies of emotion regulation. While this work has laid a strong foundation for understanding core regulatory processes, neuroscientific studies have focused almost entirely on strategies that control attention to or cognitively transform the meaning of emotional thoughts, stimuli, or events (e.g. distraction, reappraisal).

Such strategies are effective in regulating behavioral and brain correlates of negative emotions ([@ref11]) and are core components of established psychological treatments ([@ref5]; [@ref28]). However, the cognitive control processes on which they depend may not operate effectively for all people (e.g. children, older adults, patient groups; [@ref41]; [@ref70]; [@ref56]) or in all situations (e.g. under stress; [@ref53]; [@ref61]). Therefore, it is important to ask: are there effective emotion regulation strategies that do not depend on top-down cognitive control? Identifying and understanding the mechanisms supporting such strategies could lead to improved treatments for emotionally vulnerable populations.

One candidate class of regulation strategies involves mindfully noticing and accepting one's affective reactions. While rooted in ancient Buddhist traditions, modern scientific contexts operationalize mindfulness as involving attention to present moment experience---even if unpleasant---with an accepting attitude that lets it be exactly as it is, without reacting, judging, or avoiding it ([@ref6]). Unlike the traditional cognitive regulation approaches described above, such *mindful acceptance* may constitute a 'mindset' that can be applied across a variety of affective situations, even in individuals who do not meditate.

While this view of mindful acceptance suggests that it might depend upon different neural mechanisms than reappraisal and related strategies, this has not been well-studied. Instead, mindful acceptance has been largely studied in one of two ways. First, behavioral studies have shown that mindfulness- or acceptance-based treatments ameliorate depression ([@ref46]), anxiety ([@ref25]; [@ref33]), addiction ([@ref7]), and chronic pain ([@ref38]; [@ref69]); improve functionality and quality of life in cancer and other conditions ([@ref30]; [@ref13]); and reduce pro-inflammatory gene expression ([@ref20]) as well as other physiological biomarkers associated with health and longevity ([@ref35]). While such studies cannot illuminate the brain mechanisms underlying mindful acceptance as an emotion regulation strategy, they attest to the importance of understanding them.

Second, brain imaging studies have examined individuals who were trained or regularly engage in mindfulness meditation. Such studies have reported differences between long-term meditators and non-meditators in pain sensitivity and pain-related neural activity ([@ref27]; [@ref24]; [@ref45]). In one study, 4 days of mindfulness meditation training was associated with reduced pain unpleasantness and altered neural activity ([@ref74]; [@ref75]). While promising, such studies do not directly address the use of mindful acceptance *as an emotion regulation strategy* in individuals who do not practice meditation, and findings could depend on cumulative effects of training or characteristics of individuals who seek it (see [Discussion](#sec23){ref-type="sec"} for additional review).

We addressed this using functional magnetic resonance imaging (fMRI) and adapting a well-established emotion regulation task to assess the effects of mindful acceptance on affective and neural responses in meditation-naïve adults. Participants were briefly instructed to use mindful acceptance as a strategy in the presence of emotional stimuli. During the scanning session, they were exposed to aversive (vs. neutral) images and painful (vs. warm) heat while maintaining a mindset of mindful acceptance or reacting naturally. They also reported their negative emotion or pain after each trial. This design allowed us to address three main questions. First, we asked whether mindful acceptance is an effective regulation strategy for modulating negative emotion and pain. Second, we asked whether mindful acceptance modulates neural markers of negative emotion and pain. Addressing this question requires brain markers for primary affective representations. For this purpose, we tested whether mindful acceptance reduces responses to aversive images in the amygdala ([@ref11]) and to thermal pain in regions that encode the intensity of noxious heat and correlate with pain reports ([@ref4]), including the dorsal anterior cingulate, anterior insula, medial thalamus and somatosensory cortices. In addition, we tested for effects of mindful acceptance on pain-related responses in the Neurologic Pain Signature (NPS; [@ref67]), an *a priori* multivariate pattern that has been validated across multiple studies as sensitive and specific to somatic pain (see [Methods](#sec2){ref-type="sec"}). Importantly, recent work has shown that the NPS is not affected by cognitive reappraisal ([@ref71]). Therefore, influence of mindful acceptance on this biomarker would suggest that it has a more profound impact on pain processing (see [Supplementary Materials](#sup1){ref-type="supplementary-material"}).

Third, we tested two competing hypotheses regarding the neural mechanisms underlying mindful acceptance-based reductions in negative affect. Reappraisal is thought to depend on prefrontal cortical (PFC) regions implicated in cognitive control that modulate activity in affect-processing systems like the amygdala ([@ref48]). For pain, reappraisal appears to engage similar prefrontal mechanisms, which are linked to changes in pain reports ([@ref71]). Mindful acceptance could work via similar mechanisms. Alternatively, it may not depend on PFC recruitment, as it does not rely on verbal rehearsal, cognitive reframing, or response inhibition. If prefrontal mechanisms were not involved, it would suggest that mindful acceptance alters 'bottom-up' appraisals, rather than 'top-down' control like many other regulation strategies. We tested these hypotheses by comparing PFC recruitment in whole-brain, region-of-interest (ROI), and functional connectivity analyses.

Methods {#sec2}
=======

Participants {#sec3}
------------

Seventeen participants (5 women; ages 18--45, *M* = 31.75, SD = 5.18) were recruited via posters and electronic bulletin board ads in New York City. Recruitment materials (e.g. posters) described a study about emotion and/or pain perception. Upon arrival to the lab, participants were told that they would be asked to follow different types of instructions while looking at neutral and negative images and experiencing both neutral (warm) and hot (painful) temperatures. Then, participants gave written informed consent as approved by the Columbia University Institutional Review Board.

Participants were excluded if they were left-handed, did not speak English fluently, had prior meditation experience or reported any of the following conditions: neurological or psychiatric disorders, use of psychoactive medications in the past 6 months, medical conditions that may alter cerebral function, cardiovascular disease, diabetes, prior head trauma with loss of consciousness \>30 minutes, pregnancy, claustrophobia, or MRI contraindicated implants ([@ref10]). One participant was scanned but removed from the sample prior to analysis because he reported that he did not follow the task instruction during fMRI scanning. *A priori* sample size and data-collection stopping targets were based on sample and effect sizes reported at the time in the extant reappraisal literature (i.e. commonly around 16--18 participants; for a meta-analysis, see [@ref11]) and on availability of funding.

Stimuli {#sec4}
-------

During the task, participants were exposed to 30 neutral and 30 negative images from the International Affective Picture System (see [Supplementary Material](#sup1){ref-type="supplementary-material"} for the full list) and experienced 30 warm and 30 painfully hot thermal stimulations, delivered to the non-dominant forearm using a Medoc TSA 2001 (Medoc Ltd, NC). Before scanning, warm and hot temperatures were chosen on an individualized basis for each participant. Warm temperatures (40.5--44°C) were chosen at calibration level 2 on a 10-point pain scale (described as 'non-painful warmth'). Hot/painful temperatures (45--48°C) were chosen at calibration level 8, following our prior work ([@ref10]).

Procedure {#sec5}
---------

Modeled after prior emotion regulation studies (e.g. [@ref66]; [@ref39]), participants received 30 minutes of task training prior to scanning. They were told that during the task, two instructional cues (ACCEPT and REACT) would direct them to think about subsequently presented images or thermal stimuli in one of two ways. REACT cues instructed participants to 'react naturally, whatever your response might be' (see [Supplementary Materials](#sup1){ref-type="supplementary-material"} for full instruction text). This served as the control condition, intended to provide a baseline measure of unregulated emotional responding. ACCEPT cues instructed participants to attend to and accept their experience as it is. This instruction was modeled after the two-component definition of mindfulness mentioned in the introduction ([@ref6]), including (i) attention to present moment sensation, coupled with (ii) non-judgmental acceptance of the sensation as it is, allowing it to exist without trying to avoid it or react to it. For example, participants were told 'if you feel a sensation of warmth on your forearm, you should simply attend to what is felt, without making any judgment of the "goodness" or "badness" of that sensation.' Importantly, these instructions are consistent with mindfulness-based intervention manuals (e.g. [@ref37]; [@ref30]; [@ref7]), Acceptance and Commitment Therapy (e.g. the bus mtaphore; [@ref32]) and Dialectical Behavior Therapy (e.g. the core mindfulness module, and 'mindfulness of current emotion' skill from the emotion regulation module; [@ref44]).

Once participants indicated that they understood the nature of mindful acceptance, and how to follow the ACCEPT and REACT instructions, they completed several sample trials during which they practiced following these instructions while looking at images that were not used during the scanning session. Participants were asked to verbalize their responses during the practice trials, just as they would do internally during the scan. The experimenter did not proceed, and participants did not begin the scanning session, until they demonstrated being able to follow the instruction cues and to use them appropriately (see [Supplementary Materials](#sup1){ref-type="supplementary-material"} for additional details).

During the scanning session, participants completed five functional runs. Each run consisted of eight task blocks; jittered fixation periods between blocks and between trial elements were explicitly included to avoid confounds and improve modeling ([@ref49]; [@ref50]; [@ref65]; [@ref64]). As shown in [Figure 1](#f1){ref-type="fig"}, each block began with a jittered fixation cross (\~5.5 s), followed by a 3-s instruction cue that indicated that participants were to adopt either the REACT or ACCEPT mindset for the duration of the block (which lasted \~63 s). For the remainder of the block, a green- or blue-colored outline surrounding the screen served as a continuous reminder of the mindset (the assignment of colors was counterbalanced, and block order was randomized). Each block included three trials of images or thermal stimulations presented in a random order. Each trial began with a jittered fixation cross (\~5.5 s), followed by an 8-s presentation of an image or thermal stimulus. Following another jittered fixation period (\~5.5 s), participants indicated how negatively they felt by using an eight-point visual analogue scale that appeared onscreen for 3 s. In total, each run consisted of 24 trials consisting of 6 neutral images, 6 negative images, 6 warm temperatures and 6 hot temperatures.

![Task structure. REACT or ACCEPT instructions indicated which strategy participants should use when viewing negative/neutral images and experiencing hot/warm temperatures. Each instruction was associated with a unique outline color, which was counterbalanced across participants. After each stimulus period, participants rated their negative affect or pain.](nsz104f1){#f1}

Behavioral data acquisition and analysis {#sec6}
----------------------------------------

Stimulus presentation and behavioral data acquisition were controlled using E-Prime (Psychology Software Tools Inc.). Visual stimuli were presented via back-projection screen. Responses were made with the right hand using an MR-compatible trackball. Response data were subjected to a 2 (Strategy: ACCEPT vs. REACT) × 2 (Stimulus: Images vs. Temperatures) × 2 (Intensity: Neutral/Warm vs. Negative/Hot) repeated measures ANOVA, with an alpha level of *p* \< .05. Effect sizes for main effects and interactions are reported as partial eta squared (η*~p~^2^*). Post hoc paired *t* tests were conducted to further investigate significant effects; effect sizes for *t* tests are reported as Cohen's *d*.

fMRI data acquisition and analysis {#sec7}
----------------------------------

### Data acquisition & preprocessing {#sec8}

Participants were scanned in a 1.5T GE Signa Twin Speed Excite HD scanner (GE Medical systems). Functional images were acquired with a T2^\*^-weighed EPI BOLD sequence (TR/TE = 2000 ms/34 ms, flip angle = 0°, 64 × 64 in-plane matrix, 3.5 mm in-plane voxel size, FOV = 224 mm and 28 × 4.5 mm slices). High-resolution SPGR structural images were acquired for each subject (TR/TE = 9700 ms/2300 ms, flip angle = 20°, 256 × 256 in-plane matrix, FOV = 24 cm and \~182 × 1 mm slices), covering the entire brain. Functional images were subjected to standard preprocessing using SPM8 (Wellcome Department of Cognitive Neurology), including slice-time correction, motion correction, coregistration of functional to structural images, normalization to the Montreal Neurological Institute template using 3-mm isometric voxels, and spatial smoothing using a 6 mm FWHM Gaussian kernel. All data were examined for quality and motion. No participants' data were excluded due to excessive motion (see [Supplementary Materials](#sup1){ref-type="supplementary-material"}).

### Whole-brain GLM analysis {#sec9}

Following our prior work, functional images were subjected to first-level statistical analysis using outlier-resistant robust regression (e.g., [@ref40]). We modeled eight conditions of interest crossing two instruction conditions (ACCEPT vs. REACT), two stimulus types (Images vs. Temperatures) and two levels within each (Neutral vs. Negative Images and Warm vs. Painful heat), and added six motion parameters, high-pass filter, and global white matter signal parameters as additional regressors of no interest. The conditions were: REACT-neutral images, ACCEPT-neutral images, REACT-negative images, ACCEPT-negative images, REACT-warm, ACCEPT-warm, REACT-hot, and ACCEPT-hot. We then performed second-level random effects analysis in NeuroElf ([neuroelf.net](http://neuroelf.net)) to localize regions of activation across participants in the contrasts of interest. Group results were family-wise error (FWE) corrected at *p* \< .05 using the procedure first established in AFNI ('AlphaSim'; [@ref18]), implemented within NeuroElf. This process currently entails two steps. First, smoothness is estimated directly from the residual maps, then Monte Carlo simulation is used to estimate cluster size and intensity threshold to reach a combined corrected threshold ([@ref72]).

To identify regions responsive to negative images, we contrasted activity to Negative vs. Neutral Images. To identify regions modulated by mindful acceptance, we contrasted responses on ACCEPT vs. REACT trials for negative images only. To identify regions of overlap, we performed a formal conjunction analysis between Negative vs. Neutral Images contrast and the ACCEPT vs. REACT contrast. To identify regions responsive to painful heat, we contrasted Hot vs. Warm trials. To specifically identify pain-related regions modulated by mindful acceptance, we contrasted responses on ACCEPT vs. REACT trials with painful heat only. To identify regions of overlap, we performed a formal conjunction analysis between Hot vs. Warm temperatures and the ACCEPT vs. REACT contrast.

### ROI analyses {#sec10}

To test whether mindful acceptance of negative affect or pain depended on prefrontal recruitment, we extracted % signal change from *a-priori* ROIs in bilateral dorsolateral and ventrolateral PFC and medial PFC, extracted from our previously published meta-analysis of reappraisal studies that revealed consistent activation during emotion regulation ([@ref11]); [Table S1](#sup1){ref-type="supplementary-material"}). We then conducted *t* tests between instruction conditions, echoing the imaging contrasts, to test specific hypotheses regarding PFC recruitment during mindful acceptance of negative affect and pain. Additional analyses for all seven regions reported in [@ref11] as well as eight additional ROIs associated with cognitive control more broadly are reported in Supplementary Materials ([Figures S1](#sup1){ref-type="supplementary-material"} and [S2](#sup1){ref-type="supplementary-material"}, [Tables S1](#sup1){ref-type="supplementary-material"} and [S2](#sup1){ref-type="supplementary-material"}).

### Functional connectivity {#sec11}

To further assess whether mindful acceptance of negative affect and pain depended on prefrontal recruitment, we conducted a standard functional connectivity analysis (psychophysiological interaction analysis; PPI; [@ref23]). Seed regions were functionally defined as those regions identified in the GLM conjunction analyses as modulated by mindful acceptance of negative emotion in response to images and pain---namely, right amygdala (images), and right anterior insula, right posterior insula and dACC (pain). A separate GLM was then computed for each seed region incorporating regressors for (i) the within-participant coupling of activity between the seed region and other brain areas and (ii) an interaction term representing the coupling of the seed region with other brain areas modulated by ACCEPT vs. REACT difference (for images or pain). Participants' six motion parameters, high-pass filter, and global white matter signal parameters were also entered as covariates of no interest. We then performed random effects analyses as described above, with contrasts performed for regions showing a significant PPI effect. Results were FWE corrected as described above.

### Neurological Pain Signature (NPS) {#sec12}

Using machine learning, we previously created a multivariate spatial pattern of regression weights within and across brain regions targeted by primary nociceptive afferent fibers (including those listed above; e.g. dorsal anterior cingulate, anterior insula, medial thalamus, and somatosensory cortices). This pattern---named the NPS---reliably and selectively predicts physical pain intensity in data obtained in new participants ([@ref67]), thereby constituting a signature of pain suitable for application to new individual datasets (see [Supplementary Materials](#sup1){ref-type="supplementary-material"}). [@ref67]) validated the NPS across four studies and demonstrated that it (i) responds linearly to rising temperature and predicts pain self-reports, controlling for temperature; (ii) discriminates painful vs. non-painful conditions with 90--100% accuracy for individual participants; and (iii) responds specifically to somatic pain, and not to threat cues, retrospective pain judgments, or emotionally evocative images. Both its sensitivity and specificity to pain have been replicated in independent samples ([@ref15]).

![Self-reported negative affect for images and temperatures. Overall, *N* = 16 participants reported greater negative affect for negative images than neutral (a), and for hot temperatures compared to warm (b). Further, participants reported lower levels of negative affect on trials on which they practiced mindful acceptance compared to reacting naturally. *T* tests were performed between conditions: ^\*^*P* \< .05, ^\*\*^*P* \< .01, ^\*\*\*^*P* \< .001. Error bars represent standard errors.](nsz104f2){#f2}

The NPS provides a weight at each voxel. Application of the NPS to a new dataset involves multiplying these weights with corresponding voxels in each activation map in the new dataset (within person and condition) and reducing the product to a weighed average*.* We first applied the NPS to each of the temperature condition activity maps (REACT-warm, ACCEPT-warm, REACT-hot, ACCEPT-hot). This yielded a single response value, the 'NPS response,' which quantifies the predicted pain for that condition. We then compared the NPS response between the two hot temperature conditions (ACCEPT-hot, REACT-hot), to assess whether the ACCEPT strategy led to significantly reduced pain response in the NPS.

Results {#sec13}
=======

Reports of negative affect and pain {#sec14}
-----------------------------------

As expected, we found a main effect of stimulus intensity (*F*~(1,\ 15)~ = 107.74, *p* \< .001, η*~p~^2^* = .88) such that participants reported greater negative affect in response to negative vs. neutral images (*t*~(15)~ = 10.41, *p* \< .001, *d* = 2.60) and painfully hot vs. warm temperatures (*t*~(15)~ = 7.88, *p* \< .001, *d* = 1.97; [Figure 2](#f2){ref-type="fig"}). Importantly, we found a main effect of instruction (*F*~(1,\ 15)~ = 29.05, *p* \< .001, η*~p~^2^* = .66); when participants followed instructions to ACCEPT vs. REACT to the stimuli, they reported significantly lower negative affect in response to both stimulus types (images: *t*~(15)~ = 4.56, *p* \< .001, *d* = 1.14; temperatures: *t*~(15)~ = 6.05, *p* \< .001, *d* = 1.51). Notably, there was no significant interaction of instruction and stimulus type, suggesting that the effects of mindful acceptance on affective responses were comparable for images and temperatures (see [Supplementary Materials](#sup1){ref-type="supplementary-material"}).

###### 

Regions showing differential activation based on instruction. R/L/Bi refers to lateralization of activation. *x*, *y* and *z* are MNI peak coordinates. mm^3^ refers to the spatial extent of each cluster, expressed as cubic millimeters (3 × 3 × 3 mm/voxel ^\*^ number of voxels). (A--D) Peak/mean statistics are *t* values. Results are whole-brain family-wise error-corrected at *p* \< 0.05. (E--F) Peak statistics for conjunctions represent the minimum (less significant) *t* value of the two maps and average minimum *t* statistic in the cluster, following conjunction conventions ([@ref47])

                                                                                                                                                                         **Peak coordinates**                                 
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------- ---- ---------------------- ----- ----- --------- ------- -------
  A. Negative images \> neutral images                                                                                                                                                                                        
    Temporal/occipital/parietal                                                                                                                                     Bi   −45                    −66   3     164 538   11.43   4.36
    Middle/inferior frontal/precentral gyrus                                                                                                                        R    45                     36    9     33 966    8.68    4.17
    Dorsal anterior/posterior cingulate gyrus/dorsal medial frontal gyrus                                                                                           L    −6                     9     27    25 893    7.54    3.71
    Amygdala/thalamus/putamen/parahippoca mpal gyrus/midbrain                                                                                                       Bi   24                     −30   −9    18 495    6.83    3.66
    Postcentral gyrus                                                                                                                                               R    15                     −48   72    5022      −4.40   −3.44
    Insula/inferior/middle frontal gyrus                                                                                                                            L    −30                    24    −15   4995      5.44    3.66
    Superior temporal gyrus                                                                                                                                         R    69                     −12   −3    3537      −5.38   −3.57
    Middle frontal/precentral gyrus                                                                                                                                 L    −45                    0     24    2781      4.77    3.54
    Middle/superior temporal gyrus                                                                                                                                  L    −66                    −39   −3    2187      −4.88   −3.62
    Superior/middle temporal gyrus                                                                                                                                  L    −54                    −21   −3    1620      −4.68   −3.39
  B. Accept \> react for negative images                                                                                                                                                                                      
    Superior/middle temporal gyrus                                                                                                                                  R    42                     21    −24   4212      −5.54   −3.55
    Medial/superior frontal gyrus                                                                                                                                   Bi   −3                     63    −6    1890      −5.43   −3.53
    Amygdala/midbrain                                                                                                                                               R    12                     −18   −15   1647      −5.09   −3.53
  C. Painfully hot \> warm temperatures                                                                                                                                                                                       
    Dorsal anterior cingulate/medial frontal                                                                                                                                                                                  
    Gyrus/precentral and postcentral gyrus/anterior and posterior insula/ thalamus/inferior parietal/parahippocampal gyrus/putamen/caudate/midbrain/cerebellum      Bi   54                     −21   27    236 358   8.01    3.76
    Cuneus/lingual gyrus                                                                                                                                            L    −3                     −78   9     14 229    5.08    3.42
    Cerebellum                                                                                                                                                      R    39                     −42   −36   2268      6.24    3.73
    Pre-SMA/middle frontal gyrus                                                                                                                                    R    45                     6     39    1782      4.07    3.24
  D. Accept \> react for painful heat                                                                                                                                                                                         
    Anterior and posterior insula/dorsal anterior cingulate/medial frontal gyrus/precentral and postcentral gyrus/inferior parietal/precuneus/posterior cingulate   Bi   51                     −24   18    52 029    −6.03   −3.46
    Cerebellum/middle and inferior occipital                                                                                                                        L    −45                    −81   −21   4806      −5.29   −3.41
    Cerebellum/cuneus/posterior cingulate                                                                                                                           R    3                      −45   0     4698      −4.61   −3.49
    Cerebellum/middle and inferior occipital                                                                                                                        R    57                     −66   −15   3996      −5.17   −3.39
    Thalamus                                                                                                                                                        L    −12                    −27   9     2970      −5.51   −3.41
    Middle temporal gyrus/middle occipital                                                                                                                          R    45                     −72   15    2646      −5.14   −3.50
    Mid insula/precentral gyrus                                                                                                                                     R    63                     9     0     2484      −5.89   −3.54
    Inferior parietal lobule                                                                                                                                        R    72                     −33   24    1836      −4.32   −3.29
    Caudate                                                                                                                                                         R    15                     0     21    1620      −5.56   −3.75
  E. Conjunction: (A. negative images \> neutral images) and (B. accept \> react for negative images)                                                                                                                         
    Amygdala                                                                                                                                                        R    21                     −9    −12   567       −4.46   −3.57
  F. Conjunction: (C. painfully hot \> warm temperatures) and (D. accept \> react for painful heat)                                                                                                                           
    Posterior insula/postcentral gyrus                                                                                                                              L    −60                    −27   21    3456      4.67    3.41
    Caudate/thalamus                                                                                                                                                R    15                     −3    21    1350      4.70    3.48
    Mid insula                                                                                                                                                      L    −30                    −3    9     1242      5.19    3.53
    Posterior insula/postcentral gyrus                                                                                                                              R    54                     −24   18    1080      4.90    3.60
    Superior temporal gyrus                                                                                                                                         L    −57                    0     0     999       3.75    3.21
    Paracentral lobule                                                                                                                                              R    12                     −27   48    756       4.02    3.33
    Postcentral gyrus                                                                                                                                               R    69                     −21   27    702       3.54    3.17
    Posterior cingulate                                                                                                                                             R    6                      −33   24    621       3.65    3.23

fMRI results {#sec15}
============

Assessment of mindful acceptance as a regulation strategy {#sec16}
---------------------------------------------------------

### Negative images {#sec17}

A whole-brain Negative vs. Neutral Images contrast revealed greater activity for negative images in regions including bilateral amygdala, thalamus, midbrain (including periaqueductal gray), dorsal anterior cingulate (dACC), and dorsomedial prefrontal cortex ([Table 1](#TB1){ref-type="table"}A, [Figures 3a &](#f3){ref-type="fig"}[S1](#sup1){ref-type="supplementary-material"}). To identify the effects of mindful acceptance on neural responses, we computed a whole-brain ACCEPT vs. REACT contrast for negative image trials only. Right amygdala responses to negative images were significantly reduced during ACCEPT vs. REACT instructions ([Table 1](#TB1){ref-type="table"}B, [Figures 3b &](#f3){ref-type="fig"}[S2](#sup1){ref-type="supplementary-material"}).

![Mindful acceptance modulates response to negative images. (a) Regions responsive to negative images in the whole-brain contrast Negative Images vs. Neutral Images. Red/Yellow colors indicate greater activity during Negative Images than Neutral Images; yellow regions indicate the most significant differences. (b) Regions modulated by mindful acceptance in the whole-brain contrast ACCEPT vs. REACT for negative images only. Blue/green colors indicate greater activity in REACT than ACCEPT; green regions indicate the most significant differences. (c) Region of overlap found in conjunction of (a) and (b). (d) Extracted time courses from the amygdala region identified in the conjunction (c)---peak is shifted due to HRF/BOLD delay. Results are family-wise error corrected at *p* \< .05. Right is displayed on the right.](nsz104f3){#f3}

Several results demonstrated that the effect of mindful-acceptance on amygdala activity was specific to negative images. First, data extracted from the significant cluster in right amygdala did not show an ACCEPT vs. REACT effect for neutral images (*p* \> .1; [Figure S3a](#sup1){ref-type="supplementary-material"}). Second, although there were modest increases in amygdala activity for Hot vs. Warm Temperatures (*p* \< .01), activity for hot trials was comparable to that for neutral images (Hot Temperatures vs. Neutral Images, *p* \> .1), and there were no mindful-acceptance effects on Hot trials in the amygdala (*p* \> .1; [Figure S3b](#sup1){ref-type="supplementary-material"}). ACCEPT instructions also reduced activity in right midbrain areas contiguous with the amygdala, right lateral and medial (opercular) anterior temporal cortex, temporal pole, and frontopolar cortex ([Table 1](#TB1){ref-type="table"}B, [Figure S2](#sup1){ref-type="supplementary-material"}). Conjunction analysis between Negative vs. Neutral Images contrast and the ACCEPT vs. REACT contrast revealed a single area of overlap in the right amygdala ([Figure 3c and d](#f3){ref-type="fig"}, Table 1E). This region was both responsive to negative images and modulated by mindful acceptance (see [Supplementary Materials](#sup1){ref-type="supplementary-material"} for additional analyses).

### Pain {#sec18}

A whole-brain Hot vs. Warm contrast revealed greater activity in a large set of regions, including bilateral dACC and medial frontal gyrus, sensorimotor regions including precentral and postcentral gyri, pre-SMA, anterior and posterior insula, thalamus, midbrain (including periaqueductal gray), and cerebellum ([Table 1](#TB1){ref-type="table"}C, [Figures 4a &](#f4){ref-type="fig"}[S4](#sup1){ref-type="supplementary-material"}). These regions were previously shown to be responsive to painful stimuli and correlate with pain intensity across subjects ([@ref17]; [@ref2]) and within subjects when temperatures are matched (e.g. [@ref4]).

![Mindful acceptance modulates response to painful heat. (a) Regions responsive to painful heat identified in the contrast Hot vs. Warm Temperatures. Red/yellow colors indicate greater activity during Hot than Warm Temperatures; yellow regions indicate the most significant differences. (b) Regions modulated by mindful acceptance in the contrast ACCEPT vs. REACT for hot temperatures only. Blue/green colors indicate greater activity in REACT than ACCEPT; green regions indicate the most significant differences. (c) Regions of overlap found in conjunction of (a) and (b). (d--e) Extracted time courses from insula and thalamus regions identified in the conjunction (b)---peaks are shifted due to HRF/BOLD delay. All results are family-wise error corrected at *P* \< .05. Right is displayed on the right.](nsz104f4){#f4}

Importantly, the ACCEPT vs. REACT contrast during painful heat revealed significantly reduced activity during ACCEPT in many of the same regions, including dACC and medial frontal gyrus, sensorimotor regions including precentral and postcentral gyri, pre-SMA, anterior and posterior insula, thalamus, and cerebellum ([Table 1](#TB1){ref-type="table"}D, [Figures 4b &](#f4){ref-type="fig"}[S5](#sup1){ref-type="supplementary-material"}), as well as posterior regions such as posterior cingulate, cuneus, precuneus, and lateral occipital cortex (see Supplementary Materials for additional analyses; [Table S2](#sup1){ref-type="supplementary-material"}). Conjunction analysis between Hot vs. Warm temperatures and the ACCEPT vs. REACT contrast revealed areas of overlap in dACC, thalamus, anterior and posterior insula, and SII ([Figure 4c--e](#f4){ref-type="fig"}, [Table 1](#TB1){ref-type="table"}F). These regions were both responsive to painful stimulation and modulated by mindful acceptance.

### NPS {#sec19}

We calculated NPS responses ([Figure 5a](#f5){ref-type="fig"}) in each of the four temperature conditions (REACT-warm, ACCEPT-warm, REACT-hot, ACCEPT-hot). The NPS responded more strongly to Hot vs. Warm temperatures in both REACT (*t*~(15)~ = 4.58, *p* \< .001, *d* = 1.15) and ACCEPT (*t*~(15)~ = 3.86, *p* = .002, *d* = .97) instruction conditions. It accurately predicted which condition was Hot in 93.75% of participants, showing strong positive effects consistent with results in previous NPS studies. Responses to Warm conditions were not significantly different from baseline ([Figure 5b](#f5){ref-type="fig"}). In addition, the NPS did not respond to either negative or neutral images, and there was no effect of Negative vs. Neutral images. These results validate the sensitivity and specificity of the NPS for pain in this sample and serve as a positive control that demonstrates the validity and quality of imaging data in this sample. Critically, comparing ACCEPT-Hot vs. REACT-Hot revealed a significantly lower NPS response for the ACCEPT-hot condition (*t*~(15)~ = 2.59, *p* = .02, *d* = .65; 26% drop). Importantly, this effect of the ACCEPT strategy on the NPS is larger than 19 of 20 recently reviewed placebo studies ([@ref76]; see [Figure 5c](#f5){ref-type="fig"}). These results demonstrate that the ACCEPT instruction meaningfully reduced NPS responses and validate the modulating effect of mindful acceptance on the neural signature of pain.

![Neurologic pain signature (NPS) prediction of pain intensity. The NPS biomarker (a) predicts strong pain response to REACT-Hot, and a significantly lower pain response to ACCEPT-Hot (b) two conditions in which the temperatures were objectively identical (^\*^*p* \< .05). This, in turn, suggests that mindful acceptance modulates the intensity of experienced pain, including physiological aspects above and beyond judgments and self-report of pain. Right is displayed on the right.](nsz104f5){#f5}

Assessment of PFC involvement in mindful acceptance {#sec20}
---------------------------------------------------

Notably, the above contrasts did not reveal any increased recruitment of prefrontal regions in mindful-acceptance-based emotion-regulation. To provide additional strong tests of the potential involvement of PFC (which is implicated in reappraisal-based emotion regulation), we performed two types of targeted analyses.

### ROI analyses {#sec21}

To directly test whether mindful acceptance of negative emotion and pain was associated with increased recruitment of PFC regions, we extracted neural activity from *a priori* ROIs defined as consistently activated during cognitive reappraisal by our published meta-analysis of emotion regulation studies ([@ref11]). These four regions included right vlPFC, right dlPFC, left dlPFC/vlPFC, and mPFC ([Table S1](#sup1){ref-type="supplementary-material"}). Following the main fMRI analyses, we compared extracted neural activity between ACCEPT vs. REACT instructions during negative image viewing, and ACCEPT vs. REACT during painful heat. No tests were significant, suggesting that neural activity in these regions was not significantly greater during mindful-acceptance of negative emotion or pain (see [Supplementary Materials](#sup1){ref-type="supplementary-material"} for additional details, and additional analyses within other emotion regulation and cognitive control ROIs; [Figures S1](#sup1){ref-type="supplementary-material"} and [S2](#sup1){ref-type="supplementary-material"}, [Tables S1](#sup1){ref-type="supplementary-material"} and [S2](#sup1){ref-type="supplementary-material"}).

### Functional connectivity {#sec22}

This analysis was designed to further assess whether mindful acceptance depended on recruitment of prefrontal regions. The right amygdala region modulated by mindful acceptance identified in the conjunction analysis was used as a seed region in a PPI analysis, which identifies regions with differential functional connectivity with amygdala under ACCEPT vs. REACT conditions. The conjunction analysis focusing on mindful acceptance of painful heat identified regions of dACC and posterior and anterior insula, which are regions within pain intensity-coding regions that were modulated by mindful acceptance; they were therefore used as seed regions in the PPI analysis for painful heat. Across both analyses, we found no prefrontal or cingulate regions with a significant PPI effect. Taken together, these analyses suggest that mindful-acceptance-based modulation of negative emotion and pain does not depend on top-down prefrontal regions previously associated with cognitive control.

Discussion {#sec23}
==========

Mindful acceptance is an ingredient of several treatments that confer psychological and physiological benefits on both healthy individuals and those with psychopathology. Here, we aimed to provide novel evidence that mindful acceptance can be effective as an emotion regulation strategy for meditation-naïve adults. We found that it reduced behavioral and neural markers of negative emotion associated with aversive images and painful heat. Importantly, these reductions occurred *in the absence of detectable PFC recruitment*. This is particularly striking because this pattern is unlike many forms of emotion regulation, such as reappraisal ([@ref48]), which generally depend on PFC regions related to cognitive control. Critically, mindful acceptance also reduced pain-related activity in the NPS, an independently validated biomarker of pain experience ([@ref67]). This is important because prior work has shown that reappraisal of pain does not affect the NPS ([@ref71]). This suggests that mindful acceptance has more pervasive effects on pain processing than does reappraisal. The NPS finding also dovetails with the absence of PFC involvement to support the idea that mindful acceptance changes early affective appraisals in ways that differ from other emotion regulation strategies. As such, the present findings have implications for basic models of emotion regulation, our understanding of the neural mechanisms that support mindfulness-based regulation, and treatments for clinical disorders.

Implications for models of emotion regulation {#sec24}
---------------------------------------------

Mindful acceptance can be viewed within the broad space of emotion regulation strategies ([@ref28]), which are known to modulate negative affect and pain ([@ref51]; [@ref66]; [@ref42]; [@ref71]). Neurobiological models of such strategies typically describe interactions between prefrontal cognitive control systems that support 'top-down' modulation and subcortical systems that support 'bottom-up' generation of affective responses ([@ref48]). Mindful acceptance, in contrast, was shown to operate via a different neural mechanism in two important ways: it did not recruit PFC, and it modulated the NPS.

Across whole-brain GLM, ROI, and functional connectivity analyses, we showed that mindful-acceptance modulated regions associated with negative affect and pain, but did not recruit prefrontal regions. While surprising, this finding is consistent with theoretical models positing that mindful acceptance does not involve effortfully ignoring or cognitively changing one's mental representation ([@ref6]; [@ref32]; [@ref60]) and might depend on 'bottom up' processes (e.g. [@ref14]; [@ref22]; [@ref16]; [@ref31]; see [Supplementary Material](#sup1){ref-type="supplementary-material"} for additional discussion). It also is consistent with behavioral data showing that acceptance-based regulation is less mentally depleting than cognitive strategies ([@ref1]), and with imaging data showing that mindful acceptance decreases cigarette craving-related neural activity without PFC engagement ([@ref68]).

Although it is possible that additional yet-unexplored analyses could reveal recruitment of top-down control mechanisms, at this time, the absence of PFC involvement can be *cautiously* interpreted in at least three ways. One possibility is that mindful acceptance changes one's primary appraisal of the affective significance of a stimulus ([@ref43]). A second possibility is that acceptance of an aversive stimulus increases confidence in one's coping ability, leading to a secondary appraisal of challenge rather than threat. A potential consequence of this shift is reduced cognitive elaboration of the aversive appraisal, which is consistent with the Buddhist view that mindful acceptance prevents amplification of affect at an early stage of affect-generation ('the second arrow'; [@ref59]).

A third possibility is that mindful acceptance operates at an earlier stage of the emotion generation sequence, modifying one's mental representation of the eliciting stimulus itself. In this view, mindful acceptance is a form of 'situation modification' that involves representing the perceptual properties of a stimulus in a less aversive format (e.g. as temporary physical sensation rather than injurious stimulus; [@ref29]; [@ref28]). This is important because strategies that are deployed earlier in the emotion-generation process are considered more effective ([@ref28]). Consistent with this interpretation, mindful acceptance reduced the NPS response, unlike reappraisal. This suggests that mindful acceptance modulates the same nociceptive and affective components of pain that are modulated by stimulus intensity (i.e. temperature), rendering the same hot stimulus, in effect, less intense, unlike some forms of reappraisal ([@ref71]) or placebo ([@ref67]). These interpretations are not mutually exclusive, and it remains for future research to clarify how shifts in patterns of appraisal or perceptual representation can be enacted without involvement of PFC-based control systems.

Implications for understanding mindfulness {#sec25}
------------------------------------------

Several recent studies have demonstrated emotional and health benefits following multi-week mindfulness training programs (e.g. mindfulness-based stress reduction; [@ref34]). However, while this work has established mindfulness meditation as an effective intervention, and has suggested mechanisms by which it may exert its beneficial effects over time (e.g. [@ref34]; [@ref19]; [@ref54]; [@ref58]), it has not elucidated the mechanisms by which mindfulness operates as an emotion regulation strategy. One reason is that mindfulness-based programs are long, include several other components (e.g. yoga), entail effortful practice, and can lead to changes in appraisal biases as well as tendencies to notice, experience, and report certain kinds of experiences (e.g. pain; [@ref62]). Similarly, several studies have shown differences between long-term meditators and healthy controls ([@ref8]), including in pain processing and experience ([@ref9]; [@ref26]; [@ref27]). However, long-term meditators are a self-selecting group, who often practice multiple types of meditation (e.g. loving-kindness) and may differ from non-meditators in several ways, thus confounding group differences with pre-existing individual differences in cross-sectional designs ([@ref21]; [@ref36]).

Against this backdrop, the present study addressed a single, fundamental component of mindfulness practices---*mindful-acceptance as an emotion regulation strategy, applied in the moment*---and offers new insights into the neural mechanisms by which it reduces negative affect and pain, in the absence of meditation training. This raises the question of how a brief instruction in mindful-acceptance (as in the present study) compares to longer courses of mindfulness meditation training in terms of impact on behavioral and neural responses to aversive stimuli. We hope that future work will address the impact of increasing the training 'dose' of mindful acceptance as a strategy and link it with studies of mindfulness-based training and treatments, as well as long-term meditation practitioners who have cultivated mindful acceptance over many hours of practice (for recent discussions of potential 'dose' effects, see [@ref58]; [@ref73]).

Clinical/translational implications {#sec26}
-----------------------------------

The present findings suggest a neural mechanism by which the mindful-acceptance component of treatments may be beneficial. Further, the finding that beneficial effects of mindful-acceptance were observed in participants who were not trained previously to meditate suggests that mindful acceptance can be taught as an emotion regulation strategy to broad audiences in a single session. Importantly, mindful acceptance may be particularly useful for those who lack the capacity to generate and implement cognitively demanding regulatory strategies that depend on PFC, or in situations where effortful, attention-demanding regulation is not possible or weakened. This is important in light of lower PFC recruitment reported in many forms of psychopathology, children, the elderly, and under conditions of stress ([@ref3]; [@ref48]; [@ref40]), and in light of the absence of PFC recruitment observed during mindful-acceptance in the current study. Future work could elucidate the boundary conditions surrounding these basic mechanisms in healthy and clinical populations. For example, studies could directly compare mindful acceptance and reappraisal, asking whether certain individuals may be more effective at deploying one strategy vs. another, or whether mindful acceptance is better suited for certain situations or particular kinds of affective responses (e.g. [@ref55]).

Limitations & conclusion {#sec27}
------------------------

The present study has several limitations. First, the sample size is relatively small. However, it was the *a priori* sample size based on emotion regulation sample sizes that were common at the time of study initiation (typically 16--18 participants; for a meta-analysis, see [@ref11]) and on availability of funding. Notably, our findings are consistent with prior work on mindfulness as a strategy to regulate craving, which was conducted with a much larger sample ([@ref68]). Further, several analyses focused on ROIs and on the NPS, which are sensitive tests that were also defined *a priori*. Ultimately, we hope that this novel study will serve to motivate increased investment in the resources needed to run large-scale studies of mindful acceptance, and we are working towards replicating and extending the findings in a larger study.

In addition, we note that the mindful-acceptance strategy we used may not be representative of all mindfulness or acceptance practices. Indeed, the definition of mindfulness is a topic of current debate (e.g. [@ref63]). To address this limitation, we provided our own definition in the introduction, based on several clinical protocols involving mindfulness and acceptance-based strategies.

Another limitation is that the study did not explicitly compare mindful acceptance to reappraisal, and future work would need to compare these strategies within the same study to explicitly test for differences in efficacy and underlying neural mechanisms. Finally, we acknowledge that we rely on a series of null results in reporting that mindful acceptance does not recruit PFC. It is possible that future analyses might reveal different findings, especially with larger samples. We are currently working towards such future studies.

Nevertheless, the present findings suggest that mindful acceptance is a powerful emotion-regulation strategy, that can be learned quickly, deployed effectively, and that may not depend on PFC to profoundly alter the psychological and neural consequences of negative affect and pain.
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